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SUMMARY 
 
Many experimental tests and model simulation research have been conducted previously in order to explore the potential 
of microbubbles in reducing the drag of vessels. However, different conclusions are drawn in different open literatures. In 
view of this, model simulation research is further conducted in this paper in order to seek the consensus on the influences 
of microbubble size, microbubble density, and microbubble initial velocity on drag reduction. From the model simulation 
results, it has been found that increasing microbubble density and their initial velocity will increase the local bubble volume 
fraction, thus increases drag reduction. However, the change of microbubble size will not influence drag reduction 
significantly. This research finding will be of very importance to the future design of low resistance wind farm service 
vessels. 
 
 
NOMENCLATURE 
 
  Density of water (kg m-3) 
𝜇  Dynamic viscosity of water (N s m-2) 
𝜇𝜏  Shear velocity (m s
-1) 
𝑦𝑏   Distance from point b to the wall (m) 
𝑌+  Dimensionless wall distance 
𝑈∞  The velocity of main flow (m s
-1) 
𝐷0 Drag force before applying 
microbubbles (N) 
𝐷1 Drag force after applying microbubbles 
(N) 
𝑟  Drag reduction ratio 
𝜖  Density parameter of microbubbles 
𝑣  Initial velocity of microbubbles (m s-1) 
d  Microbubble diameter (m) 
 
1. INTRODUCTION 
 
Statistics has shown that approximately half of the ship’s 
propulsion power is used to overcome friction resistance 
[1], which means that ship resistance is one of the main 
sources of fuel consumption of a vessel. This issue can be 
also observed from wind farm service vessels (WFSVs). 
At present, most WFSVs are catamarans with specific 
Small Water Plane Area Twin Hull (SWATH) design. The 
SWATH has small water plane area, which enables the 
motions of the vessel to be less affected by waves. In 
addition, the mutual balance effect of the twin hulls and 
the air tunnel between the two hulls can also benefit the 
stability of a SWATH vessel in voyage [2]. These 
advantages account for the popular application of 
SWATH to the design of WFSVs. However, a SWATH 
type WFSV uses two hulls to provide buoyancy. The large 
wetted surface area of the two hulls will inevitably lead to 
significant skin friction, which makes the fuel 
consumption of a SWATH type vessel much more than 
that of single hull variety vessels. It is reported that the 
energy required to be spent on a SWATH type vessel is 
80% more than the energy spent on a mono-hull vessel of 
the similar size [3]. Therefore, the high fuel consumption 
of WFSV has been recognised as one of the critical issues 
in lowering the operation & maintenance cost of offshore 
wind farm. This issue must be addressed urgently, 
especially in the light of the fact that the offshore wind 
industry is rapidly growing and offshore wind farms are 
moving farther offshore in recent years [4].  
Basically, the resistance of a vessel originates from three 
sources, i.e. skin friction, viscous resistance [5], and wave 
resistance. Among them, skin friction and viscous 
resistance, especially the former contributes a big portion 
of drag. It was reported that skin friction accounts for 60-
70% of the total drag for cargo ships and contributes 
approximately 80% of the total drag for tanker vessels [6-
8] in still water. This motivates the research of various 
forms of drag reduction technology in recent years. A 
comprehensive review of the relevant achievements can 
be found from [9]. Among the achieved technologies, one 
of the most attractive is microbubble technology [10] as 
this kind of technology is environmentally friendly, cost-
effective, and moreover does not require to make any 
change to the hull form of the vessel. In order to explore 
this technology, many in-depth researches have been 
conducted in the past years by using either model 
simulation or experimental testing approaches [11-18]. 
However, up to date it is still not completely clear how 
microbubbles reduce vessel drag, although some believe 
that it is related to the variation of the viscosity of the fluid 
around the vessel or the modification of the turbulent 
structure in boundary layer on the hull surface of the vessel 
[19, 20]. In the meantime, microbubble production 
methods are also researched. The achieved methods 
include electrolysis [21], porous medium [22], venturi 
tube type bubble generator [23], and so forth. A 
comprehensive review of these methods can be found 
from [24].   
Despite the aforementioned effort, many technical issues 
about microbubble technology are still unclear today. For 
example, a consensus on the influence of microbubble size 
on drag reduction has not been reached nowadays. Some 
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said smaller microbubbles are more effective in reducing 
drag [25]; but others said that the variation of microbubble 
size did not have significant influence on drag reduction 
[26]. Therefore, it is necessary to do further research to 
investigate the truth. The similar disputes also exist in the 
research of the influences of microbubble density and 
initial velocity on drag reduction. In view of this, the 
influences of microbubble size, microbubble density, and 
microbubble initial velocity on drag reduction will be 
investigated again by the approach of model simulation in 
this paper. From the investigation results, it is found that 
the increasing microbubble density and initial velocity 
will enhance drag reduction. However, the microbubble 
size, varying from 0.01 mm to 0.2 mm, does not have 
significant influence on drag reduction. This finding 
coincides with the conclusion drawn in [26]. The details 
of the research are reported below. 
 
2. MODELLING OF A SINGLE HULL 
VESSEL 
 
In order to concentrate the research on investigating the 
effect of microbubbles on drag reduction, a single hull flat 
bottom vessel, rather than a SWATH type vessel, is 
considered in this paper. Moreover, the sea waves are also 
ignored for simplifying model simulation. In this section, 
the numerical model of a single hull vessel is established 
in ANSYS Fluent 18.1, see Figure 1. Its parameters are 
listed in Table 1. 
 
 
Figure 1: Model of the single hull flat bottom vessel 
 
Table 1. Parameters of the vessel 
Length (m) Width (m) Draft (m) Displacement (kg) 
1.80 0.26 0.12 39.80 
 
In order to obtain a detailed understanding of the 
mechanism of microbubble technology, as shown in Fig.1 
the vessel is divided into five sub-regions. They are 
Region S, Region 0, Region 1, Region 2, and Region 3, 
respectively. Among them, Region 0 is a 0.3 m long area 
starting from the bow of the vessel; Region 1 is also a 0.3 
m long area following Region 0; Region 1 is followed by 
Region 2 and Region 3, both of which are 0.6 m long; 
Region S is the side of the vessel. The air-inlet locates 
between Region 1 and Region 2, and its size is 0.02 m ×
0.26 m.   
Assume the flow around the vessel is symmetric, 
attributing to which only half of the model is used to 
establish the domain for simulation calculations. 
Consequently, the number of meshes in model 
discretization as well as the burden of numerical 
calculation can be cut half. The domain that is defined for 
implementing the calculation is a rectangular 
parallelepiped area. Its entrance of watershed is at the 
upstream of the bow; its exit is at the downstream of the 
stern of the vessel. Its detailed parameters are listed in 
Table 2. 
 
Table 2. Parameters of the domain for simulation 
calculations 
Distance 
ahead of the 
vessel 
 (m) 
Distance 
behind the 
vessel  
(m) 
Distance 
below the 
vessel  
(m) 
Distance 
above the 
vessel  
(m) 
1.80 1.80 1.80 5.40 
 
Since mesh quality is critical for guaranteeing the 
accuracy of numerical calculation results, software 
ANSYS Fluent provides three important criteria for 
assessing the quality of meshing. They are skewness, 
aspect radio, and cell size change. For three-dimensional 
meshing, the skewness of the hexahedron should be less 
than 0.8 and the skewness of the tetrahedron should be less 
than 0.9. For the aspect ratio, different mesh elements will 
be assessed by using different calculation methods. The 
unit with an aspect ratio equal to 1 is regarded as the best 
unit, such as an equilateral triangle, a regular quadrilateral, 
a regular tetrahedron, a regular hexahedron, etc. In 
general, the aspect ratio should not be more than 5:1. The 
ratio of adjacent cell sizes is only applicable to 3D cells, 
which is preferably between 1 and 2. Following these 
rules, the model of the vessel is meshed. The meshing 
result of the entire calculation domain is shown in Figure 
2. Where, the total number of grids is 26,000; the 
corresponding skewness of the mesh is less than 0.9; the 
aspect ratio of the mesh in the paper is less than 5:1; the 
ratio of adjacent cell sizes in the paper is less than 2. The 
most important is that there is no grid cell has negative 
volume and negative area, so the meshing results can fully 
meet the requirement of calculation accuracy. 
 
 
Figure 2: Meshing result of the entire calculation domain 
 
In the following calculations, the vessel speed is set to be 
1 m/s and the corresponding Reynolds number is equal to 
1.69 × 106. When using the wall function method to deal 
with near-wall problems, the distance between the first 
layer of mesh and the wall is very important. In ANSYS 
Fluent, it is indicated by value Y+, i.e. 
 
𝑌+ =
𝜌𝜇𝜏𝑦𝑏
𝜇
                                       (1) 
 
According to (1), the distance between the first layer of 
mesh and the surface of vessel model is calculated. Its 
value is in the range of 100 to 180. Before conducting 
simulation calculation, the boundary conditions are 
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defined in Figure 3. They include inlet, air inlet, pressure 
outlet, and four walls. 
 
 
Figure 3: Boundary conditions of the calculation domain 
 
More details of the boundary conditions are described as 
follows: 
 The surface of the model is set as solid wall; 
 Considering the symmetry of the model, the mid-
longitudinal section of the model is taken as the 
symmetry plane boundary condition. At this point, the 
velocity along the Z axis is zero, i.e. P = 0; 
 The inlet of the water flow is taken as the velocity inlet, 
the velocity direction is perpendicular to the boundary 
surface, i.e. U𝑖𝑛𝑙𝑒𝑡 = 𝑈∞，γ = 𝑃 = 0. Herein, 𝑈∞ is 
the velocity of main flow. The downstream exit of the 
stern is set as the boundary condition of the pressure 
outlet; 
 The side and bottom of the calculation domain are far 
away from the model of the vessel, thus satisfying the 
condition of no-slip wall boundary; 
 The side and bottom boundaries of the calculation 
domain are also taken as velocity inlet boundaries, i.e. 
U𝑖𝑛𝑙𝑒𝑡 = 𝑈∞，γ = 𝑃 = 0; 
 The outlet of the calculation domain is taken as the 
pressure outlet. The static pressure of water is zero, and 
the pressure of the entire outlet boundary can be 
defined as the standard atmospheric pressure; 
 When there is no bubble is generated and applied, the 
air inlet is set as a solid wall and the no-slip condition 
is satisfied. 
 
3. INFLUENCE OF MICROBUBBLE SIZE 
 
In order to quantitatively assess the influence of 
microbubbles on drag reduction, a criterion, namely drag 
reduction ratio 𝑟, is defined in this paper, i.e. 
 
𝑟 =
𝐷0−𝐷1
𝐷0
× 100%                            (2) 
 
Assume the vessel speed is 1 m/s, the density parameter 𝜖 
of microbubbles remains 1, and the size of microbubbles 
is respectively 0, 0.01, 0.05, 0.07, 0.1, and 0.2 mm. Size 0 
mm means that there is no microbubble is applied. The 
hull surface microbubble volume fraction distributions in 
different scenarios are calculated and the results are shown 
in Figure 4.  
From Figure 4, it is difficult to see any obvious difference 
of different scenarios in microbubble volume fraction 
distributions. This seems indicate the insignificant 
influence of microbubble size on drag reduction. To 
confirm this finding from observation, the drag forces in 
different regions of the vessel in different scenarios were 
calculated and all calculation results are listed in Table 3. 
 
  
(a) 𝑑 = 0.01 mm (b) 𝑑 = 0.05 mm 
  
(c) 𝑑 = 0.07 mm (d) 𝑑 = 0.1 mm 
 
(e) 𝑑 = 0.2 mm 
Figure 4: Hull surface microbubble volume fraction in 
different microbubble size scenarios 
 
Table 3. Drag forces obtained in different microbubble 
size scenarios (N) 
Region 
Diameter of microbubble d (mm) 
0 0.01 0.05 0.07 0.1 0.2 
S 0.336 0.349 0.349 0.348 0.348 0.347 
0 0.058 0.057 0.057 0.057 0.057 0.057 
1 0.045 0.038 0.038 0.038 0.038 0.038 
2 0.137 0.050 0.050 0.049 0.049 0.046 
3 0.143 0.117 0.116 0.116 0.115 0.112 
Total 0.719 0.611 0.610 0.609 0.607 0.600 
 
From Table 3, it is interestingly found that despite the size 
of the microbubbles, they have different effects on the 
drag reduction in different sub-regions of the vessel. In 
other words, after applying microbubbles to the bottom of 
the vessel they increase the drag force in Region S while 
reduce the drag forces in the other sub-regions to varying 
degrees. Moreover, the calculation results of the total drag 
force indicate that despite the different effects of the 
microbubbles in different sub-regions, the application of 
them is generally helpful to reduce the drag of the vessel. 
In order to further demonstrate this finding intuitively, the 
drag reduction ratios r in different sub-regions in different 
microbubble size scenarios are calculated using (2). The 
corresponding results are listed in Table 4. 
From Table 4, it is seen that compared with the other sub-
regions, the drag force in Region 2 is most reduced by the 
microbubbles, then followed by Region 3 and Region 1. 
The drag force in Region 0 is also reduced by the 
microbubbles but the reduction is not very significant. The 
overall contribution of the microbubbles to drag reduction 
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is over 15%. However, in terms of the influence of 
microbubble size the further observation of Tables 3 and 
4 discloses that: 
 
Table 4. Drag reduction ratio 𝑟 based on the results in 
Table 3 
Region 
Drag reduction ratio 𝐫 (%) 
d=0 
mm 
d=0.01
mm 
d=0.05
mm 
d=0.07
mm 
d=0.1
mm 
d=0.2
mm 
S 0 -3.71 -3.65 -3.60 -3.51 -3.22 
0 0 1.25 1.25 1.24 1.24 1.22 
1 0 14.24 14.21 14.19 14.14 13.98 
2 0 63.53 63.84 64.12 64.66 66.72 
3 0 18.63 19.02 19.34 19.93 21.69 
Total 0 15.10 15.26 15.40 15.66 16.53 
 
 In the regions ahead of the air inlet (i.e. Region 0 and 
Region 1), the larger the size of microbubbles, the less 
the drag force is reduced; 
 In the regions behind the air inlet (i.e. Region 2 and 
Region 3), the larger the size of microbubbles, the 
more the drag force is reduced; 
 In terms of the overall drag reduction, the larger the 
size of microbubbles, the more the drag force is 
reduced; 
 But despite the above tendencies, in the range of 
diameter 0~0.2 mm the change of microbubble size has 
insignificant influence on the drag reduction in all 5 
regions.     
 
4. INFLUENCE OF MICROBUBBLE 
DENSITY 
 
The influence of microbubble density on drag reduction 
will be investigated in this section. In the investigation, it 
is assumed that the microbubble diameter is 1 mm and the 
microbubble initial velocity is 1 m/s. The density 
parameter 𝜖 of the microbubbles is set to be 0.01, 0.1, 0.5, 
0.7, and 1, respectively. Likewise, the hull surface 
microbubble volume fraction distributions in different 
microbubble density scenarios are investigated first. They 
are illustrated in Figure 5. 
From Figure 5, it is clearly seen that the variation of 
microbubble density significantly changes the 
microbubble volume fraction distribution on the vessel 
surface. This implies that microbubble density may 
significantly influence the drag reduction. Hence, the drag 
forces and the corresponding drag reduction ratio r in 
different microbubble density scenarios are calculated. 
The results are listed in Table 5. Where, 𝜖 = 0 means that 
there is no microbubble is applied to the bottom of the 
vessel. 
From Table 5, it is found that with the increase of 
microbubble density, the drag force either increases or 
decreases slightly in Region S. In Region 0, the 
application of microbubbles increases drag reduction, 
however the change of microbubble density does not 
significantly affect drag reduction. But in the other 3 
regions (i.e. Region 1, Region 2 and Region 3), the 
increase of microbubble density does significantly 
improve drag reduction in particular in Region 2. In terms 
of the total drag force, with the increase of microbubble 
density the drag reduction increases as well. When the 
microbubble density parameter 𝜖 = 1, the drag reduction 
ratio r can reach a value as large as 15.10%. From these 
calculation results, it can be concluded that the change of 
microbubble density does have a significant influence on 
drag reduction. Moreover, in the range of 𝜖 = 0 ~ 1 the 
higher the microbubble density, the more the drag will be 
reduced. 
 
  
(a) when 𝜖 = 0.01 (b) when 𝜖 = 0.1 
  
(c) when 𝜖 = 0.5 (d) when 𝜖 = 0.7 
 
(e) when 𝜖 = 1 
Figure 5: Hull surface microbubble volume fraction in 
different microbubble density scenarios 
 
Table 5. Drag forces and the corresponding 𝑟 in different 
microbubble density scenarios 
Region 
Drag 
force 
(N) 
𝑟 (%) 
Drag 
force 
(N) 
𝑟 (%) 
Drag 
force 
(N) 
𝑟 (%) 
 𝜖 = 0 𝜖 = 0.01 𝜖 = 0.1 
S 0.336 0 0.334 0.63 0.347 -3.25 
0 0.058 0 0.058 0.09 0.058 0.07 
1 0.045 0 0.044 0.38 0.044 1.84 
2 0.137 0 0.137 0.16 0.118 13.89 
3 0.143 0 0.141 1.75 0.137 4.17 
Total 0.719 0 0.714 0.71 0.704 2.08 
 𝜖 = 0.5 𝜖 = 0.7 𝜖 = 1 
S 0.357 -6.30 0.354 -5.40 0.349 -3.71 
0 0.057 0.71 0.057 0.94 0.057 1.25 
1 0.041 8.47 0.040 11.05 0.038 14.24 
2 0.069 49.74 0.059 57.33 0.050 63.53 
3 0.120 16.58 0.118 18.00 0.117 18.63 
Total 0.644 10.44 0.628 12.78 0.611 15.10 
 
5. INFLUENCE OF MICROBUBBLE INITIAL 
VELOCITY 
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Finally, the influence of the initial velocity of 
microbubbles on drag reduction is investigated in this 
section. In the investigation, it is assumed that the 
microbubble diameter is 1 mm, the microbubble density 
parameter 𝜖 = 1, the initial velocity of the microbubbles 
𝑣 is set to be 0.1, 0.5, 1, 5, 10 m/s, respectively. The time 
step is 0.01 second, and the step number is 1000. The hull 
surface microbubble volume fraction distributions 
obtained in different initial velocity scenarios are shown 
in Figure 6. 
 
  
(a) when 𝑣 = 0.1 m/s (b) when 𝑣 = 0.5 m/s 
  
(c) when 𝑣 = 1 m/s (d) when 𝑣 = 5 m/s 
 
(e) when 𝑣 = 10 m/s 
Figure 6: Hull surface microbubble volume fraction in 
different initial velocity scenarios 
 
From Figure 6, it is clearly seen that the initial velocity of 
microbubbles can significantly change the microbubble 
volume fraction distribution on the hull surface of the 
vessel. So, it can be predicted that it will also affect a lot 
drag reduction. Similar to those observed from Figs. 4 and 
5, the largest volume fraction of microbubble is present at 
the position of air inlet, then decreases gradually along the 
flow direction. The further observation of Fig.6 discloses 
that with the increase of the initial velocity, stable 
microbubble layer is established in a larger area. From this 
phenomenon, it can be inferred that in the range of the 
initial velocities being considered the higher the initial 
velocity, the more the drag force will be reduced. In order 
to confirm this prediction, the drag forces and the 
corresponding drag reduction ration r in different initial 
velocity scenarios are calculated. The results are listed in 
Table 6. Where, initial velocity 𝑣 = 0 m/s means that 
there is no microbubble is applied to the vessel. 
From Table 6, it is found that when the initial velocity of 
the microbubbles is low, the microbubbles in Region S 
increase the friction between the hull and water (thus 
drag), so the drag reduction is negative. But with the 
continual increase of the microbubble initial velocity, the 
microbubbles will change their role in drag reduction, i.e. 
start to increase drag reduction in Region S. This is 
because stable bubble layer can be established on the side 
surface of the vessel only when the microbubble initial 
velocity is large enough, see Figures 6d and e. By contrast, 
the drag reduction in Region 0 is not significantly affected 
by the change of microbubble initial velocity because few 
microbubbles can reach Region 0 due to the flow direction 
and its far distance to air inlet. But in the other 3 regions 
(i.e. Regions 1-3) particularly in Region 2, the drag 
reduction rate r rapidly increases with the increase of 
microbubble initial velocity. When the initial velocity is 5 
m/s, the drag reduction ratio r in Region 2 has reached 
72.19%. However, when the initial velocity is 10 m/s, the 
drag reduction ration r in both Region 2 and Region 3 
decreases a little bit, i.e. from 72.19% drops down to 
68.87% in Region 2 and from 20.19% down to 15.33% in 
Region 3, respectively. This is because when the 
microbubble velocity is very high (e.g. 10 m/s), some 
microbubbles will be blown directly to the stern of the 
vessel. As a consequence, no all microbubbles will 
contribute to the construction of stable air layer in this 
case, thus leading to smaller value of drag reduction ratio 
r. Such an explanation can be proved by Figure 7, where 
the microbubble volume fraction distributions in Region 2 
and Region 3 when the microbubble initial velocity is 
respectively equal to 5 m/s and 10 m/s are illustrated. 
 
Table 6. Drag forces and corresponding 𝑟 obtained in 
different initial velocity scenarios 
Region 
Drag 
force 
(N) 
𝑟 (%) 
Drag 
force 
(N) 
𝑟 (%) 
Drag 
force 
(N) 
𝑟 (%) 
 𝑣 = 0 m/s 𝑣 = 0.1 m/s 𝑣 = 0.5 m/s 
S 0.336 0 0.346 -2.84 0.358 -6.35 
0 0.058 0 0.058 0.18 0.057 0.70 
1 0.045 0 0.044 1.91 0.041 8.41 
2 0.137 0 0.119 13.26 0.069 49.53 
3 0.143 0 0.137 4.84 0.120 16.53 
Total 0.719 0 0.703 2.30 0.645 10.37 
 𝑣 = 1 m/s 𝑣 = 5 m/s 𝑣 = 10 m/s 
S 0.349 -3.71 0.328 2.32 0.295 12.24 
0 0.057 1.25 0.056 3.21 0.054 5.63 
1 0.038 14.24 0.033 25.58 0.027 39.45 
2 0.050 63.53 0.038 72.19 0.043 68.87 
3 0.117 18.63 0.114 20.19 0.121 15.33 
Total 0.611 15.10 0.570 20.74 0.541 24.83 
 
 
  
(a) when 𝑣 = 5 m/s (b) when 𝑣 = 10 m/s 
Figure 7: Volume fraction distribution of 
microbubbles in different initial velocity scenarios 
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From Figure 7, it is clearly seen that more microbubbles 
are present in both Region 2 and Region 3 when the initial 
velocity 𝑣 = 5 m/s than in the case when 𝑣 = 10 m/s. It 
has no doubt that the more the microbubbles are present, 
the easier the stable air layer can be formed in the regions. 
This explains why the values of the drag reduction ratio r 
in both Regions 2 and 3 decrease to certain extent when 
microbubble initial velocity increases from 5 m/s to 10 
m/s. 
 
6. CONCLUSIONS 
 
In order to reach a consensus on microbubbles’ effect on 
drag reduction, the influences of microbubble size, 
microbubble density, and microbubble initial velocity on 
drag reduction are investigated in this paper by the 
approach of numerical simulation. From the calculation 
results, the following conclusions can be drawn:  
 Drag reduction is highly dependent on the volume 
fraction distributions of microbubbles on the surface of 
the vessel. In principle, the more microbubbles are 
present, the more drag force will be reduced. Since the 
microbubble volume fraction is not equally distributed 
on the surface of the vessel, the obtained drag 
reduction ratios are different in different sub-regions 
of the vessel. For example, since the largest 
microbubble volume fraction always appears in 
Region 2, so the drag force in Region 2 is most reduced 
by microbubbles; 
 The application of microbubbles does reduce drag 
force of the vessel. However, the drag reduction is not 
very sensitive to the change of microbubble size; 
 The change of microbubble density can significantly 
influence the drag reduction. Moreover, the higher the 
microbubble density, the more the drag force will be 
reduced; 
 Drag reduction is also sensitive to the initial velocity 
of microbubbles. In other words, the increasing 
microbubble initial velocity will increase drag 
reduction. However, the amount of drag reduction 
would be capped or even decrease when the initial 
velocity is very high (e.g. 10 m/s). This is because part 
of microbubbles is blown to the stern of the vessel in 
this case. As a consequence, these microbubbles will 
not contribute to the construction of air layer. 
 
7. REFERENCES 
 
1.  Molland, A. F., Turnock, S. R. and Hudson, D. 
A., ‘Ship resistance and propulsion’, Cambridge 
University Press, 2017. 
2. Phillips, S., Shin, I. B. and Armstrong, C., ‘Crew 
transfer vessel performance evaluation’, 
Proceedings of Design & Operation of Wind 
Farm Support Vessels Conference, 28-29 
January 2015, London, UK. 
3. What is a SWATH ship? Available at 
https://www.marineinsight.com/types-of-
ships/what-is-a-swath-ship. Recently accessed 
on January 10, 2019. 
4. https://www.thecrownestate.co.uk/en-gb/media-
and-insights/news/2018-the-crown-estate-
shares-further-detail-on-plans-for-round-4-
including-proposed-locations-to-be-offered-for-
new-seabed-rights. Recently accessed on January 
10, 2019. 
5. Baba, E., ‘A new component of viscous 
resistance of ships’, Journal of the Society of 
Naval Architects of Japan, 125, 1969, pp. 23-34. 
6. Fukuda, K., Tokunaga, J., Nobunaga, T., 
Nakatani, T. and Iwasaki, T., ‘Frictional drag 
reduction with air lubricant over a super-water-
repellent surface’, Journal of Marine Science and 
technology, 5(3), 2000, pp. 123-130. 
7. Ceccio, S. L., Perlin, M. and Elbing, B. R., ‘A 
cost-benefit analysis for air layer drag reduction’, 
International Conference on Ship Drag 
Reduction SMOOTH-SHIPS, Istanbul, Turkey, 
20-21 May 2010, Paper No.4. 
8. Jang, J., Choi, S. H., Ahn, S. M., Kim, B. and 
Seo, J. S., ‘Experimental investigation of 
frictional resistance reduction with air layer on 
the hull bottom of a ship’, International Journal 
of Naval Architecture and Ocean Engineering, 6, 
2014, pp. 363-379. 
9. Mohammad, A. and Majid, M., ‘A review on the 
drag reduction methods of the ship hulls for 
improving the hydrodynamic performance’, 
International Journal of Maritime Technology, 4, 
2015, pp. 51-64. 
10. Hashim, A., Yaakob, O. B., Koh, K. K., Ismail, 
N. and Ahmed, Y. M., ‘Review of micro-bubble 
ship resistance reduction methods and the 
mechanisms that affect the skin friction on drag 
reduction from 1999 to 2015’, Journal Teknologi 
(Science & Engineering), 74(5), 2015, pp. 105-
114. 
11. Ceccio, S. L., ‘Friction drag reduction of external 
flows with bubble and gas injection’, Annual 
Review of Fluid Mechanics, 42, 2010, pp. 183–
203. 
12. Jacob, B., Olivieri, A., Miozzi, M., Campana, E. 
F. and Piva, R., ‘Drag reduction by microbubbles 
in a turbulent boundary layer’, Physics of Fluids, 
22, 2010, pp. 115104. 
13. Shen, X., Ceccio, S. L. and Perlin, M., ‘Influence 
of bubble size on microbubble drag reduction’, 
Experiments in Fluids, 41(3), 2006, pp. 415-424. 
14. Murai, Y., Oishi,Y. and Yamamoto, F., 
‘Turbulent shear stress profiles in a bubbly 
channel flow assessed by particle tracking 
velocimetry’, Experiments in Fluids, 41(2), 2006, 
pp. 343–352. 
15. Van den Berg, T. H., Luther, S., Lathrop, D. P. 
and Lohse, D., ‘Drag reduction in bubbly Taylor-
Couette turbulence’, Physical Review Letters, 94, 
2005, pp. 044501. 
16. Gabillet, C., Collin, C. and Fabre, J., 
‘Experimental study of bubble injection in a 
Design & Operation of Wind Farm Support Vessels, 27th February 2019, London, UK 
© 2019: The Royal Institution of Naval Architects 
turbulent boundary layer’, International Journal 
of Multiphase Flow, 28(4), 2002, pp. 553-578. 
17. Kodama, Y., Kakugawa, A., Takahashi, T. and 
Kawashima, H., ‘Experimental study on 
microbubbles and their applicability to ships for 
skin friction reduction’, International Journal of 
Heat and Fluid Flow, 21, 2000, pp. 582-588. 
18. Latorre, R., ‘Ship hull drag reduction using 
bottom air injection’, Ocean Engineering, 24(2), 
1997, pp. 161-175. 
19. Ortiz-Villafuerte, J. and Hassan, Y. A., 
‘Investigation of microbubble boundary layer 
using particle image velocimetry’, ASME 
Journal of Fluids Engineering, 128(3), 2006, pp. 
507–519. 
20. Lu, J., Fernandez, A. and Tryggvason, G., ‘The 
effect of bubbles on the wall drag in a turbulent 
channel flow’, Physics of Fluids, 17, 2005, pp. 
95–102. 
21. McCormick, M. E. and Bhattacharyya, R., ‘Drag 
reduction of a submersible hull by electrolysis’, 
Naval Engineers Journal, 85(2), 1973, pp. 11–
16. 
22. Kawamura, T. and Kodama, Y., ‘Numerical 
simulation method to resolve interactions 
between bubbles and turbulence’, International 
Journal of Heat and Fluid Flow, 23(5), 2002, pp. 
627–638. 
23. Kawamura, T., Fujiwara, A., Takahashi, T., 
Kato, H., Matsumoto, Y. and Kodama, Y, ‘The 
effects of the bubble size on the bubble dispersion 
and skin friction reduction’. National Maritime 
Research Institute, Japan. Available at 
http://www.nmri.go.jp/oldpages/turbulence/PDF
/symposium/FY2003/Kawamura.pdf. Recently 
accessed on January 10, 2019. 
24. Jones, S. F., Evans, G. M. and Galvin, K. P., 
‘Bubble nucleation from gas cavities – A 
review’, Advances in Colloid and Interface 
Science, 80(1), 1999, pp. 27–50. 
25. Xu, J., Maxey, M. R. and Karniadakis, G. E., 
‘Numerical simulation of turbulent drag 
reduction using micro-bubbles’, Journal of Fluid 
Mechanics, 468, 2002, pp. 271-281. 
26. Kawamura, T., Moriguchi,Y., Kato, H., 
Kakugawa, A. and Kodama, Y., ‘Effect of bubble 
size on the microbubble drag reduction of a 
turbulent boundary layer’,  Proceedings of 
ASME/JSME  The 4th Joint Fluids Summer 
Engineering Conference (FEDSM2003), 
Honolulu, Hawaii, USA, July 6-10, 2003. 
 
8. AUTHORS BIOGRAPHY 
 
Wenxian Yang holds the current position of Senior 
Lecturer in Offshore Renewable Energy at the School of 
Engineering of Newcastle University.  He is responsible 
for developing and teaching the advanced offshore 
renewable energy and the relevant operation and 
maintenance techniques, including the development of the 
new concept of offshore wind farm service vessels.  His 
previous experience includes wind turbine condition 
monitoring and fault diagnosis, SCADA data analysis, 
scour protection of offshore structures, the application of 
biomimetic techniques in the design of wind turbine, etc. 
Hongwei Yang is a postgraduate student who is studying 
in the School of Engineering of Newcastle University. In 
this paper, he is responsible to develop the numerical 
model of the single hull vessel and conduct simulation 
calculations in ANSYS Fluent.   
Ji Wang is a Research Engineer in Mingyang Smart 
Energy Group Ltd based in Shanghai China. In this paper, 
he works together with Mr Hongwei Yang to develop the 
numerical model of the single hull vessel and conduct 
simulation calculations in ANSYS Fluent. 
Meiping Sheng holds the current position of Professor at 
the School of Marine Science and Technology of 
Northwestern Polytechnical University (NPU). She chairs 
the offshore renewable energy research at NPU. In 
addition to developing innovative offshore renewable 
technologies, her research interest also includes structure 
vibration control, testing, structural strength analysis, and 
optimization design. Professor Sheng is a winner of the 
China Youth Science and Technology award, the award of 
Chinese young women scientists and many other 
provincial and ministerial level awards in science and 
technology. In this paper, she provides technical help in 
simulating the microbubble technique in ANSYS Fluent. 
Minqing Wang holds the current position of Professor at 
the School of Marine Science and Technology of 
Northwestern Polytechnical University. In this paper, he 
comments the simulation calculation results and also 
makes contribution during the period of developing this 
paper. 
